We report the application of surface-active ionic liquids as ligands and optional reaction media in iridium-catalyzed water oxidations. Three novel catalysts with N,N-dialkylimidazolidin-2-ylidene ligands based on amphiphilic imidazolium ionic liquids were synthesized and characterized. Excellent turn-over frequencies of up to 0.92 s À1 were obtained in catalytic water splitting, and activity was maintained for five consecutive catalytic cycles, with an overall turn-over number of 8967. The addition of external surface-active ionic liquid showed unexpected behaviour, because strongly enhanced initial reaction rates were observed.
Introduction
Based on the constantly increasing global energy demand, attention in a hydrogen-based economy has spiked since the turn of the millennium. Molecular hydrogen produced through photocatalytic water splitting offers a convenient and sustainable source to satisfy energy and fuel demands in the future. The overall process of photocatalytic water splitting (Eqn 1) involves two half-reactions for the production of molecular hydrogen (Eqn 2) and molecular oxygen (Eqn 3).
The last reaction (Eqn 3) is considered the bottleneck in the development of devices for artificial photosynthesis. The oxidation of water to molecular oxygen requires the transfer of four electrons and the rearrangement of multiple bonds; a catalyst able to sustain high oxidation states is therefore required. [1] Several well-defined molecular catalysts for these reactions have been reported based on different metal and ligand systems. Although ruthenium-based catalysts were the first and are still one of the most studied systems, the use of cheaper metals such as iron and cobalt has also been reported, although they suffer from low stability. [1, 2] Recently, iridium-based complexes have received much attention as good and robust catalysts. After Bernhard et al. initially reported the iridium-based catalyst [Ir(ppy) 2 (OH 2 ) 2 ] þ (ppy ¼ 2-phenylpyridine), fine-tuning of the ligand structure soon revealed the importance of the pentamethyl-cyclopentadienyl ring (Cp*), which became a very common structural motif for iridium-based water oxidation catalysts. [3] Simple compounds such as [IrCp*(H 2 O) 3 ] 2þ have been reported as effective catalysts, reaching a turn-over frequency (TOF) of 0.092 s À1 . [4, 5] The incorporation of N-heterocyclic carbene (NHC) ligands was a further milestone in the development of highly active, stable, and robust water oxidation catalysts based on iridium. [6] [7] [8] This can be rationalized by the electron-rich and donating nature of these ligands that are able to stabilize the catalyst at the high oxidation states that occur during the catalytic cycle. [9] In particular, Hetterscheid and Reek reported a dichlorido iridium complex [C 1 mim-IrCp*Cl 2 ] based on the N,N-dimethylimidazolidin-2-ylidene ([C 1 mim]) ligand, which resulted in excellent activity and robustness. [6] Further studies on the catalytic activity of this catalyst by in situ surfaceenhanced Raman spectroscopy showed that the catalyst undergoes bis-m-oxido iridium dimer formation in its catalytic cycle in order to form the O-O bond. [6, 10] Corresponding dicarbene ligands have been developed showing comparable activity with previously reported iridium water oxidation catalysts. [11] Additionally, recent findings by Albrecht et al. who reported a series of pyridine-carbene ligands based on triazolylidene revealed that the catalytic activity could be substantially improved by adding a long alkyl chain on the triazolylidene moiety, indicating that amphiphilic character of the catalyst is beneficial. [12] Apart from their use as N-heterocyclic carbene precursors, imidazolium salts are also typical constituents of ionic liquids. 1-Alkyl-3-methylimidazolium cations with variable anions are among the most popular and investigated classes of ionic liquids. Owing to the presence of hydrophobic and hydrophilic domains, they possess a well-organized nanostructured network that is responsible for many of their particular properties. [13] [14] [15] [16] This organization can be maintained when they are mixed with water, particularly when 1-alkyl-3-methylimidazolium salts are used that bear a long alkyl group with more than eight carbon atoms. [17] As a result of the charged hydrophilic head group and the hydrophobic tail, the ionic liquid has amphiphilic character and can behave like a surfactant, forming aggregates such as micelles when dissolved in water. [18, 19] In recent years, this type of surface-active ionic liquids has received much attention because of their favourable properties compared with conventional ammonium-based surfactants. Owing to the less polar head groups with good charge delocalization of imidazolium-based surface-active ionic liquids, they usually have a higher surface activity compared with conventional ammonium surfactants with similar alkyl chain length, showing both higher adsorption efficiency at the air-water interface, a greater water surface tension decrease, and a difference in hydration and counterion binding to the headgroup. [20] [21] [22] In addition, their tunable structures render them ideally suited for multiple applications in synthesis and catalysis. [23, 24] Several authors have demonstrated that surface-active ionic liquids led to improved reaction rates and selectivities through targeted interactions between surfactant, catalyst, and substrates. [25] [26] [27] [28] [29] [30] Moreover, their ability to form carbene intermediates has a strong influence on the outcome of reactions performed in aqueous solutions of surface-active ionic liquids. [31, 32] Based on recent developments in the design of N-heterocyclic carbene complexes as water oxidation catalysts with amphiphilic structures, we were interested in expanding our recent research on the application of surface-active ionic liquids in catalysis to their use in water oxidations. Here, we present the use of surface-active imidazolium-based ionic liquids as ligands and reaction media for iridium-catalyzed water oxidations, envisioning that their ability to form aggregates in water should also facilitate the formation of the catalyst dimer assumed to be a key step in the oxygen-oxygen bond formation.
Results and Discussion

Synthesis of the Catalysts
Based on our previous experience in the field of micellar catalysis with surface-active ionic liquids, we selected three surface-active 1-dodecyl-3-alkyl-imidazolium-based ionic liquids 2a-4a, including a dicationic species, for simultaneous use as ligand and surfactant in the water oxidation reaction. [26, 31] For the purpose of comparison, dimethylimidazolium bromide, which does not possess any surface-active behaviour, was also included as it has already been used as a precursor for iridiumbased water oxidation catalysts. Starting with the structures shown in Fig. 1 , iridium-based catalysts were synthesized through a two-step pathway, as shown in Scheme 1. The synthesis involves the initial formation of a silver carbene species from the corresponding surface-active imidazolium salts with a small excess of silver oxide. The silver carbene was obtained via filtration and used in situ for a transmetallation with [Cp*IrCl 2 ] 2 to afford the desired complexes 1-4. In case of the dicationic surface-active ionic liquid 4a, the corresponding silver carbene complex showed poor solubility in dichloromethane; therefore, no intermediate filtration could be performed. Hence, the iridium precursor was directly added to the crude mixture, and insoluble by-products were separated via precipitation in acetonitrile. With the exception of the dicationic species 4, high yields of the iridium-based catalysts were obtained, and structures were verified by 1 H NMR, 13 C NMR, and mass spectroscopy. In all cases, the 1 H NMR spectra showed the absence of the typical signal at 9-12 ppm for the acidic proton of the imidazolium moiety. In 13 C NMR spectroscopy, the typical new peaks at ,155 ppm for catalysts 2 and 3 and at 145 ppm for catalyst 4 confirmed carbene formation.
The molecular structure of complex 3 is depicted in Fig. 2 . The complete molecule exhibits point group symmetry m, with the Ir atom, the C1 atom of the imidazole moiety, and the C17 and C20 atoms of the Cp* ring located on the mirror plane. This symmetry restriction requires the H atoms of the methyl group C20 to be equally disordered over two sets of sites. The five Ir-C (Cp*) bonds (average 2.17(4) Å ) are in the usual range and are significantly longer than the Ir-C(carbene) bond of 2.051(4) Å ). [33] Considering the Cp* ring system as a single coordination partner (Ir-Cp*(centroid) distance 1.803 Å ), the overall coordination environment of the Ir atom is distorted tetrahedral, with the Cp*(centroid)-Ir-Cl and Cp*(centroid)-Ir-C(carbene) angles of 123.558 and 127.898 greater than the Cl-Ir-C(carbene) and Cl-Ir-Cl 0 ( 0 denotes the symmetry-related counterpart) angles of 92.098 and 86.328.
Catalytic Water Oxidation
In order to compare the performance of various catalysts for water oxidation, catalysts are typically evaluated using a sacrificial oxidant, which allows a fast and simple variation of conditions and screening of compounds. A commercially available and commonly utilized sacrificial oxidant is cerium ammonium nitrate (CAN, (NH 4 ) 2 Ce(NO 3 ) 6 ). It is a powerful one-electron oxidant, and as an additional advantage, it has a strong absorption band in the UV region that can be used to monitor its consumption during the catalytic reaction. However, it needs to operate below pH 3.0 to avoid the formation of insoluble oxide species, and it is therefore usually tested in 0.1 M HNO 3 solution. [34] 
The performance of catalysts 1-4 for the water oxidation reaction using Ce 4þ as sacrificial oxidant was initially investigated without additional surface-active ionic liquid. The depletion of Ce 4þ was followed by UV-vis spectroscopy at 360 nm until its consumption was quantitative, or, if no complete conversion was observed, for at least four half-lives. The respective absorbance curves can be fitted by
which corresponds to a first-order reaction with a rate constant of k 1 and, in parallel, an autocatalyzed reaction described via a logistic function. Here, k 2 is a rate constant and t 0 the time when half of this process has finished. The amplitudes a 1 and a 2 characterize the relative importance of the process for the overall depletion of Ce 4þ . In the literature, the time-dependent TOF
is used for the characterization of catalytic efficiency. However, the maximum value TOF max that is often reported is not a good measure for the efficiency as a very fast process with low partial amplitude a may modify the value significantly (see Eqn 6). Consequently, we report TOF ,t. at the mean reaction time ,t., which is defined by t h i ¼ Initially, the iridium complex 2 was evaluated as water oxidation catalyst in the presence of different CAN concentrations. As expected from literature data, a higher excess of CAN improved the catalyst performance, and a 6-fold increase in TOF ,t. was obtained by increasing the CAN concentration from 0.5 to 3 mM (Table 1 , entries 1-3). [35] A similar trend was also observed for catalyst 1 ( Table 1 , entries 4-5), which showed a TOF ,t. of 0.37 and 0.69 s À1 when using 1.5 and 3 mM CAN respectively. [36] When comparing the two catalysts under a similar experimental set-up, the effect of the long alkyl chain becomes readily apparent. At both CAN concentrations, catalyst 2 with the dodecyl chain as structural motif performs better than the corresponding dimethylbased species 1, although the effect is less obvious than reported for amphiphilic triazolylidene ligands. [12] After initial optimization of the CAN concentration, the three surface-active ionic liquid-derived iridium catalysts were compared over a wider concentration range, and a strong dependence of efficiency on the concentration was observed, as shown in Fig. 3 . Whereas catalyst 2 was evaluated from 0.3 to 100 mM, a smaller range was investigated for catalysts 3 and 4 owing to solubility restrictions when preparing the homogeneous stock solution. Although the absolute reaction rate was, as expected, faster with a higher catalyst concentration, the catalyst efficiency showed a maximum and decreased at lower or higher concentrations. For compounds 2 and 3, the maximum was observed at ,2-5 mM, whereas the concentration dependency is less obvious for catalyst 4. Independently of the concentration, the best results were obtained for the catalyst [C 12 mimIrCp*Cl 2 ], which reached a TOF ,t. of 0.92 AE 0.12 s À1 under optimum conditions. All four catalysts showed an induction time, the longest being for the bidentately bound catalyst 4. It is interesting to note that although catalysts 2 and 3 show the same initial behaviour, a stronger rate enhancement takes place for catalyst 2 (see Fig. S1 , Supplementary Material).
Dynamic light scattering (DLS) analysis after the reaction showed the absence of nanoparticle formation ( Table 2 , entry 2), suggesting that a homogeneous process is taking place. [1, 11, 37] The considerably better performance of catalyst 2 compared with 3 and 4 may give information on the catalytically active species. Diaz-Morales et al. reported for catalyst 1 [C 1 mimIrCp*Cl 2 ] that neither the carbene nor the Cp* ligand are lost during the activation process of the complex. The catalytically active form for the water oxidation reaction is a bis-m-oxido diiridium(IV) compound. [10] Although in the case of catalyst 2 dimer formation can still be favoured, for catalyst 3, it might be hindered by the higher steric demand of two dodecyl chains, resulting in a lower activity than the corresponding 1-dodecyl-3-methylimidazolidine derivative. Similarly, catalyst 4, which is based on the dicationic surface-active ionic liquids, lacks an additional free coordination site that would be necessary to form the dimer. In fact, for other bidentate ligands, it has been reported that the Cp* ring is lost during the catalytic cycle. This might not only explain the comparably poor performance of the bidentate ligand, but could also explain the longer incubation time at the beginning, because two steps are involved in the activation process of the catalyst. [36, 38] Multiple runs of the kinetic experiments were also conducted by adding fresh CAN after Ce 4þ was consumed. The system remained active for at least five runs as can be seen in Fig. 4 . The required induction period for the catalyst is visible only in the first run; moreover, during the second run, a further increase of the TOF (t) was observed, reaching a maximum of almost 1.2 s
À1
. In the following runs, the TOF (t) progressively decreased, but losses remained rather constant with every run. Eventually, a high overall turn-over number (TON) of 8967 was calculated. For comparison, this value is between the values reported for the dimethylimidazolium derivative (120) and those reported for triazolium-derived ligands (8000-22800). [6, 7, 39] The reason for the decrease in performance may be the progressive degradation of the catalyst under the harsh acidic conditions required by the sacrificial oxidant. Degradation of the Cp* moiety to acetic acid and eventually CO 2 after multiple catalytic cycles has been reported with CAN. However, no blue colour indicating the formation of iridium nanoparticles was observed in our systems. [8, 11, 37] Finally, the impact of additional surface-active ionic liquid on catalytic performance was also investigated and revealed unexpected behaviour. A strong increase in the initial reaction rate was observed when performing water oxidation in a solution of [C 12 mim]Cl varying from 0.1 to 50 mM. However, the reaction rate decreased rapidly, indicating inhibition of the catalytically active system. The dependency of TOF on the ionic liquid concentration is reported in Fig. 5 ; for better visualization, both TOF ,t. , calculated at the mean reaction time, and the maximum TOF (TOF max ) obtained in the initial part of the reaction are shown. Although there is no appreciable Fig. S2 , Supplementary Material), it can be seen that the reaction starts with a higher reaction rate without an induction period. However, the reaction is inhibited over time, and no full consumption of Ce 4þ is observed for ionic liquid concentrations of 0.5 mM or higher. Similar results are also obtained when a lower concentration of 1.5 mM CAN is used (see Figs S3 and S4, Supplementary Material); however, a slower inhibition and decrease of TOF ,t. is observed. As reported in Table 1 (entries 6-7), the presence of 1 mM surface-active ionic liquid [C 12 mim]Cl can even reverse the dependency of TOF ,t. on the CAN concentration, resulting in a higher TOF ,t. with lower CAN concentration.
As can be seen from Fig. 6 , similar behaviour was found for the water oxidation with catalysts 1, 3, and 4 in the presence of 1 mM surface-active ionic liquid [C 12 mim]Cl. In any case, a minor difference between TOF ,t. and TOF max is observed when no external ionic liquid is added, whereas an initial rate enhancement as visualized by TOF max and a drastic decrease in TOF ,t. were observed in the presence of 1 mM [C 12 mim]Cl. To verify the structural integrity of the added [C 12 mim]Cl during water oxidation, the reaction mixture was extracted with CH 2 Cl 2 after a completed oxidation run. This allowed not only the recovery of the external surface-active ionic liquid [C 12 mim] Cl in a pure and quantitative manner, but NMR analysis also confirmed its structural integrity and excluded any degradation of the ionic liquid during the oxidation process (see Fig. S6 , Supplementary Material).
Further investigations on the aggregation behaviour after addition of 50 mM [C 12 mim]Cl were conducted with smallangle X-ray scattering (SAXS) and DLS. The presence of micellar aggregates of the surface-active ionic liquids during the reaction (Table 2, entry 2) was confirmed by both techniques. The aggregate sizes from DLS and SAXS are in good agreement (2.6 nm in DLS and 2.8 nm in SAXS). In comparison with a pure 50 mM solution of [C 12 mim]Cl in water, the addition of CAN and catalyst results in the formation of aggregates with increased size (Table 2 , entry 1 and 2). In particular, in the evaluation of SAXS data, the size of the shell increases significantly, whereas the core radius is slightly smaller, probably [26] 0.9 [26] 0.06 [26] 2 Reaction mixture induced by the high electron density of Ir atoms of the catalyst in the core of the micelle. This is also supported by the low value of the scaled medium contrast g, which indicates that scattering arises mainly from the core, and the density of the shell is similar to the density of the surrounding solution. [40] A larger size of the aggregates can be induced by the ability of salts to screen charges in the micelles. [41] In contrast, we were not able to conduct any measurements on the catalyst alone without the presence of additional ionic liquid [C 12 mim]Cl owing to its low concentration under reaction conditions. According to SAXS findings and the surface-active character of the catalyst 2, it can be assumed that it will be embedded in the micelles as well, in close proximity with CAN adsorbed at the micellar interface. This would allow a fast and efficient reactivity corresponding to the high initial reaction rates that we have observed. The reduced CAN might diffuse only slowly owing to strong salt-micelle interactions, which may explain the drastically reduced reaction rates over time. It should however be noted that the exact speciation of CAN is not known, as the literature reports a partial displacement of the coordinating nitrate by aqua ligands. [42] Conclusion Here, we demonstrated the application of imidazolium-based surface-active ionic liquids as ligands and additives for a water oxidation catalyst. The performance of ionic liquid-derived catalyst 2 compares well with similar reported iridium catalysts, whereas more sterically demanding catalysts 3 and 4 lead to reduced reaction rates. [36] The catalyst 2 was active over multiple kinetic runs, even showing an increase in activity in the second cycle where a maximum TOF max of almost 1.2 s À1 was reached, and at the end of the five cycles, an overall TON of 8967 was obtained. Moreover, the addition of surface-active ionic liquid as reaction medium resulted in the formation of micellar aggregates. A strong increase of the initial rates and a TOF max of 1.91 s À1 were obtained for the catalyst [C 12 mimIrCp*Cl 2 ]. In conclusion, iridium complexes derived from surface-active ionic liquids display great potential as a new class of ligands for water oxidation catalysts, although their use as additives in this reaction shows an unusual behaviour that will require further investigations.
Experimental General
Commercially available reagents and solvents were used as received from Sigma-Aldrich unless otherwise specified. Doubly distilled deionized water was obtained from a Millipore Milli-Q water purification system (Millipore). All ionic liquids were dried for at least 48 h at room temperature and 0.01 mbar (1 Pa) before use and were stored under an argon atmosphere. All synthetic procedures were carried out using standard Schlenk techniques under dry argon.
1 H and 13 C NMR spectra were recorded on a 400-MHz Bruker AC spectrometer, using the solvent peak as reference. Highresolution mass spectrometry (HRMS) analysis was carried out on an Agilent 1100/1200 HPLC equipped with an Agilent 6230 AJS electrospray ionization time-of-flight (ESI-TOF) mass spectrometer. DLS was performed on a Malvern Nano Zetasizer. Samples were equilibrated at 258C and measured in backscattering mode for 10-15 runs of 10 s. At least three consistent measurements per solution and reaction were recorded.
Synthesis of Catalysts
Catalyst precursor 1-dodecyl-3-methylimidazolium chloride (2a) was synthesized according to a known protocol. [26] A procedure reported in the literature was used for the synthesis of catalyst 1 and adapted for the surface-active ionic liquid-based catalysts; details are reported in the following section. [33] Synthesis of Catalyst [C 12 mim-IrCp*Cl 2 ] (2) 1-Dodecyl-3-methylimidazolium chloride (43.2 mg, 0.15 mmol, 1 equiv.) and silver oxide (20.8 mg, 0.09 mmol, 1.2 equiv.) were placed in a Schlenk flask under an inert atmosphere. Dry and degassed dichloromethane (5 mL) was subsequently added and the reaction was stirred in the dark for 4 h at room temperature (RT). The solution was then filtered over Celite under an inert atmosphere and [Cp*IrCl 2 ] 2 (59.7 mg, 0.075 mmol, 0.5 equiv.) was added; the mixture was stirred for 15 h at room temperature and filtered. The solvent was removed under reduced pressure, the solid residue washed thrice with diethyl ether, and dried under high vacuum. 
Synthesis of 1,3-Bisdodecylimidazolium Chloride (3a)
N-Dodecylimidazole was synthesized according to a reported procedure and distilled before use. [43] Dodecylchloride (4 ml, 16.4 mmol, 2.4 equiv.) was added dropwise at RT to a 5-mL solution of dodecylimidazole (1.6 g, 6.8 mmol, 1 equiv.) in THF in a pressure-tight microwave vial. The mixture was then stirred for 3 weeks at 808C. The product was recrystallized from THF four times and dried at high vacuum overnight. N-Dodecylimidazole was synthesized according to a reported procedure and distilled before use. [43] 1,2-Dibromoethane (130 mL, 1.5 mmol, 1 equiv.) was added at RT to a 3.5-mL solution of dodecylimidazole (745 mg, 3.18 mmol, 2.1 equiv.) in THF in a pressure-tight microwave vial with a Teflon seal. The mixture was then stirred for 1 week at 808C. The product was recrystallized from THF twice and dried at high vacuum overnight. 1,3-Bis(3-dodecanimidazolium-1-yl) ethane dibromide was obtained as a white powder in 76 % yield. 
Kinetics Measurements
Kinetics experiments were performed using UV-visible spectroscopy on a Shimadzu UV1800 spectrometer equipped with a CPS-240A cell positioner and a thermostat at 258C. In a typical experiment, 20 mL of a stock solution in acetonitrile of the catalyst was added to 2 mL of a 0.1 M HNO 3 Milli-Q water solution in the cuvette; afterwards, 1 mL of a freshly prepared CAN stock solution in 0.1 M HNO 3 in Milli-Q water was added to the cuvette, the solution was quickly mixed, and the experiment started. The consumption of Ce 4þ was followed at 360 nm until complete. Four runs could be performed in parallel, and the given TOFs are an average thereof. The TOF was computed using Eqn 6. TOF max is the maximum TOF during the reaction and TOF ,t. the TOF at the mean reaction time ,t. (see Eqn 7) .
For recycling experiments, a first run such as the previously reported kinetic experiments for 2 mM catalyst 2 and 3 mM CAN was performed, and when all CAN was consumed, a new portion of pure solid salt was added to the cuvette. The addition was repeated five times. The calculated TON is defined as moles of converted CAN per mole of catalyst, n CAN /n cat .
Single-Crystal Diffraction
Single crystals of 3 were embedded in perfluorinated polyether and mounted on MiTeGen MicroLoops. X-ray diffraction data were collected on a Bruker Kappa APEX-II CCD diffractometer working with graphite-monochromated Mo Ka radiation (l 0.71073 Å ), using narrow j-and v-scan frames. Corrections for absorption were applied with the multiscan technique using SADABS. [45] The structure was solved with SHELXT and refined on F 2 with SHELXL-2016. [46, 47] All non-hydrogen atoms were refined with anisotropic displacement parameters. H atoms were placed in calculated positions and thereafter treated as riding. Crystallographic data for 3: C 37 
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